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Abstract 
 
With the development of in vitro systems for tissue engineering, various substrates and 
mechanical stimuli have been utilized to modulate the cell behavior. It’s known that 
various micropatterns have been fabricated and applied to regulate cell adhesion, 
morphology and function. Micropatterns created by standard photolithography process 
are usually rectangular channels with sharp corners (microgrooves) which provide limited 
control over cells and are not favorable for cell-cell interaction and communication.  We 
propose a new micropattern with smooth wavy surfaces (micro-waves) to control the 
position and orientation of cells. Results showed that cells adhered to the wavy surface 
displayed both improved alignment and adhesion strength compared to those on the flat 
surface. Shear flow was further applied to examine the cell adhesion response to the flow.  
 
In recent years, nanoparticles (NPs) have gained increasing interest due to its potential 
use as drug delivery, imaging and diagnostic agents in pharmaceutical and biomedical 
applications. While lots of cells in vivo are under mechanical forces, little is known about 
the correlation of the mechanical stimulation and the internalization of NPs into cells. We 
investigate the effects of applied cyclic strain on NPs uptake by bovine aortic endothelial 
cells (BAECs). The cyclic strain results in a significant enhancement in NP uptake which 
increases almost linearly with strain level.  
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        In my study, micro-patterned substrates, shear flow and cyclic strain have been 
applied to investigate the cell behavior including cell alignment, cell spreading, cell 
adhesion and cellular uptake of NPs.  Studies of cells response to these mechanical stress 
promote our current understanding of how cells sense and response to their mechanical 
environment.  
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Chapter 1 - Introduction 
 
In recent decades, significant efforts have been made for development of tissue 
engineering in vitro. Some mammalian cell types are anchorage-dependent and will die if 
are not cultured on a cell-adhesion substrate. Biomaterials provide a cell-adhesion 
substrate and also control the structure and function of the cells in a predesigned manner. 
A range of factors affects the behavior of cells on the structured surfaces, including 
surface chemistry, feature geometry, feature aspect ratio and differences in the cell types 
used[1].  In my study, I investigated cell adhesion and alignment on substrate with 
different features. Meanwhile, it is well known that tissues and cells in the human body 
are exposed to a range of different external forces, which influence their development and 
maintenance. In the blood vessel, mechanical forces in the form of tension, compression, 
and fluid-induced shear are all present but the nature of these forces is not well 
understood, neither is what effect they have on endothelial cell (EC)behavior and 
function.  In my research, ECs were exposed to fluid-induced shear and cyclic stress that 
mimic the in vivo condition. Investigations were conducted to further understand the 
mechanism and influence of such mechanical stimulation on ECs. Various mechanical 
stimuli such as shear flow and cyclic stretch have been investigated to modulate the cell 
responses, including cell alignment, adhesion, proliferation and cell-cell interaction. In 
our study, we examined the cell responses to shear flow and cyclic strain.   
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1.1 Substrate pattern modulate the cell alignment and adhesion 
 
Cells are usually cultured on biocompatible substrates. The ideal biomaterials substrate 
should be biocompatible, promote cellular interaction, and possess proper mechanical and 
physical properties. Many classes of biomaterials have been used for cell-based tissue 
engineering, including naturally derived materials (e.g. collagen and alginate), and 
synthetic polymers (e.g. polyglycolic acid [PGA], poly (lactic-co-glycolic acid) [PLGA], 
polydimethylsiloxane [PDMS]). An advantage of synthetic polymers is reproducible 
large-scale production with controlled properties of strength, degradation rate, and 
microstructure. PDMS is the most widely used silicon-based organic polymer due to its 
biocompatibility, transparency, deformability, low cost and unusual rheological 
properties. Some proteins such as collagen and gelatin contain cell-adhesion domain 
sequences which exhibit specific cellular interactions. This may assist in retaining the 
phenotype and activity of many types of cells, including ECs and fibroblasts. A layer of 
protein can be coated on the PDMS substrate to enhance the cell adhesion and 
proliferation. PDMS has high elasticity so it’s convenient to stretch the PDMS membrane 
with a stretcher. More importantly, it has a big benefit as the most widely used 
microfluidic channel fabrication material which can be used for drug delivery, shear flow 
testing and cell isolation and selection.   
 
The PDMS membrane can be micro-patterned in order to confine cells or tissues to a 
specific geometry. Cells must adapt to the substrate geometry to form tissue integrity. A 
lot of nano/micro-patterns have been printed on the PDMS membrane with UV technique. 
Investigations were made to examine the cells patterning on these substrates. 
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Understanding the interaction between cells and a micro-patterned surface is important 
for tissue engineering, i.e., cell growth and cell-cell communication. Cell patterning 
technique, which provides the basis approach for manipulating cells, play an important 
role for understanding functions of both individual cells and cell-cell interaction[2, 3]. 
However, conventional methods such as photolithography, contact printing and ink-jet 
printing [4] cannot precisely control cell behaviors. Physical effects, especially 
topographic or mechanical effects can be applied for better control of cell patterning.  
The ability to control the position of cells in an organized pattern on a substrate has 
become increasingly important for the development of cellular biosensor technology and 
tissue engineering applications [5-7].  
 
For individual cells, adhesion to the extracellular matrix or to the cell culture substratum 
when grown in vitro plays an essential role for many processes such as proliferation and 
differentiation. The manipulation of cell growth through topographical features on a 
substrate can have significant applications in tissue engineering. With knowledge of cell 
behavior in response to such features, we can fabricate various substrates to control cell 
proliferation in favor of desired application. With the advent of nanofabrication 
techniques, a number of researchers have studied the effects of nano-scale grooves on cell 
spreading, migration, morphology, signaling and orientation [8-10]. When seeded onto a 
nano-grooved surface, cells orient themselves following the orientation of initial 
protrusions from the cell [11, 12].  Another study using skeletal muscle cells observed 
that submicron grooved pattern inhibited cell proliferation, and enhanced its 
differentiation capabilities [13]. Although nanogrooves could help cell alignment, they 
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cannot provide a good control of cell location since the groove dimensions are small 
compared to the cell size. In order to better control the cell location, a micro-pattern with 
size similar to the cells is needed. 
 
PDMS membranes with micro-patterns have been studied to regulate the cell spreading 
and alignment [14-16]. One study using human osteo-sarcoma (HOS) cells on PDMS 
surfaces shows that microgroove spacing and height can influence the cell spreading and 
adhesion [17]. Microgrooves with well-controlled ridges and spacing were fabricated by 
curing poly-di-methy-siloxane (PDMS) in silicon molds produced by photolithography 
[17]. Culturing HOS cells on microgrooves with different spacing from 5 µm to 120 µm 
shows that cells aligned well in the directions of microgrooves when the groove spacing 
was comparable to the spread cell size [17]. However, the cell orientations became more 
random as the ridge separation increases [17].When the groove spacing is less than the 
size of fully spread cell, the height of ridges dominates the cell orientation [17]. 
 
Generally, a groove pattern with sharp corners has been used. While these grooves 
provide strong constrain on cells that resist the cell-cell interaction. Recently, a 
reconfigurable micro topographical system customized for cell culture and imaging that 
consists of reversible wavy micro features on poly (dimethylsiloxane) (PDMS) has been 
constructed.  This reversible topography was able to align, unaligned, and realign C2C12 
myogenic cell line cells repeatedly on the same substrate within 24h intervals, and did not 
inhibit cell differentiation (Figure 1-1) [18].  PDMS substrates were also used in order to 
apply mechanical force on cells, including shear flow and cyclic stretch.  
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Figure 1- 1: Optical microscopy images of muscle cells on the reversible wavy surfaces; cell aligned along 
the waves and returned to random orientation on the uncompressed, flat surface within 24 h [1]. Scale bars 
= 50 µm. 
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1.2 Shear flow in microfluidic device regulates cell patterning 
 
In the last two decades, thousands of researchers spent a huge amount of time to fabricate 
various microfluidic devices which can be applied for performing analytical and 
diagnostic assays. These microfluidic devices have many advantages including high 
sensitivity, low cost, short time testing, small laboratory space, well-fined laminar flow 
and controllable diffusion speed and size. Microfluidic devices have many applications 
such as cell isolation, nucleic acids extraction, drug screening, protein crystallization and 
chemical synthesis. PDMS with patterns are widely used as a component to assemble into 
microfluidic devices. As we know, microfluidic chip is a set of micro-channels etched or 
molded from some materials including glass, silicon or polymer such as PDMS. The 
micro-channels inside the microfluidic chip are connected together in order to achieve 
desired functions such as cell sorting, cancer cell capture, and fluid pump. The liquids are 
flowed into the micro-channels in the microfluidic chip through inputs to outputs. The 
use of diverse materials for the fabrication of microfluidics chip was based on 
photolithography technique, derived from the well-developed semiconductor industry. 
Nowadays, PDMS and soft-lithography are commonly used due to their easiness, low 
cost, well established and fast process. Researchers can rapidly build prototypes and test 
their functions in a controllable manner.  
 
Blood vessels are constantly exposed to shear stress due to the blood flow in the vessel. 
The micro/nanopattern and the direction of shear stress were applied to mimic the in vivo 
environment with in vitro model. Biomimetic structures have been extensively studied 
due to its fine controllability for cellular microenvironments. The microfluidic based 
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artificial blood vessel system has been widely investigated due to its ability to produce 
vascular architectural similarity. It has been reported that the application of shear stress 
can provide guidance to the cell migration and elongation in the in vitro model [19]. The 
ECs which are essential in the blood vessel have been demonstrated to be aligned and 
elongated according to the direction of shear flow. Researchers investigated the cell 
adhesion and orientation of ECs in microfluidic channels with different structures such as 
flat and micro-patterned. The cells were also aligned in the microfluidic channel 
according to the flow direction. Cell alignment and elongation are considered to be an 
adaptive procedure of ECs to decrease the local mechanical load and consequent damage. 
Lee et al demonstrated that ECs aligned in the direction parallel to applied shear stress 
under flow, while the vascular smooth muscle cells aligned perpendicular to the flow 
direction [20]. Conway DE’s group also confirmed that endothelical cells exposed to 15 
dyn/cm2 of shear stress for 24 h produce elongated cells that are aligned with the 
direction of shear stress[21]. In addition, they applied reversing shear stress to mimic the 
hemodynamic conditions at the wall of the carotid sinus; ECs were not aligned and were 
similar to cells at static condition as shown in Figure1-2. These investigations indicate 
that unidirectional flow shear stress induces cell orientation parallel with the direction of 
flow, andthe cell orientation would change according to the direction of flow.  
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Figure 1- 2: Variations in fluid flow patterns cause altered endothelial cell (EC) morphology. A: phase-
contrast images of ECs exposed to 15 dyn/cm2 of shear stress for 24 h produce elongated cells that are 
aligned with the direction of shear stress. B–D: ECs exposed to 1 dyn/cm2 (B) and ECs exposed to RF (C) 
are not aligned and are similar to the morphology of cells grown under static conditions (D) [21]. Arrows 
indicate the direction of flow. Scale bar = 100 μm. 
 
 
Researchers further investigated the molecular mechanisms of ECs response to fluid 
shear stress. A variety of published literatures implicate integrin in cellular responses to 
flow. Flow can induce quick remodeling of focal adhesion contacts which indicates these 
locations of cell attachment may be important in mechanotransduction. Eleni Tzima et al 
reported that fluid shear stress is a critical determinant of vascular remodeling and 
atherogenesis [22]. They showed that shear stress rapidly stimulates conformational 
activation of integrin αvβ3 in bovine aortic ECs, meanwhile increase its binding to 
extracellular cell matrix (ECM) proteins [22].  They defined the role of integrin and Rho 
in a pathway leading to EC adaptation to flow [activation of integrins in endothelial cells 
by fluid shear stress mediates Rho-dependent cytoskeletal alignment]. Berne’s group 
developed a FRET tension biosensor to understand the VE-cadherin and PECAM-1 
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responses to flow [23]. They found that flow induced an increase in tension across 
junctional PECAM-1, while a rapid decrease in tension across VE-cadherin [23]. For 
cultured ECs, it has been well established that fluid shear stress significantly influence 
the EC orientation, regulated in part through tyrosine kinase, intracellular calcium, and 
cytoskeleton-related pathways [24].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 12 
 
1.3 Cyclic strain affects the cell behavior 
 
Besides fluid shear stress, strain is another common mechanical stimulus exist in vivo 
condition. ECs in the blood vessels are physiologically exposed to cyclic strain due to 
pulsatile changes in blood pressure. Similar to fluid shear stress, mechanical strain can 
also regulate the alignment of ECs in vitro with cell orienting perpendicular to the 
direction of uniaxial strain. In recent years, various cell stretchers have been fabricated to 
stretch the cells in the chamber and meanwhile observe the live cells under the 
microscope.  The stretch direction can be uniaxial, biaxial and equibiaxial, different strain 
direction induce different cell orientation. A uniaxial cell stretching device was 
developed to investigate the realignment of cell morphology and F-actin CSK under 
cyclic stretch with in situ subcellular live-cell imaging [25]. Biaxial or multi-axial cell 
stretching devices were built in order to more closely mimic the complexities of strains 
occurring in vivo [26]. They found that the cyclic deformation of the cells triggered a 
reversible reorientation perpendicular to the direction of the applied strain. Another cyclic 
stretch system named Flexcell has been extensively used in mechanobiology research 
[27].  
 
Mechanical strain has been reported to regulate the cell alignment, cell proliferation and 
differentiation [28], collagen production[29], DNA synthesis [30], and synthesis of 
cytoskeleton and tubulin[31]. A. Ignatiuset al. found that mechanical strain promotes the 
proliferation and differentiation of osteoblastic precursor cells and the application of 
mechanical tension provide a beneficial effect on in vitro tissue formation [32]. Shu 
Chien et al. found that mechanical stimuli on endothelial cells effect the signaling 
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transduction and gene expression [28]. Although the effect of mechanical stimuli to cells 
has been widely investigated, the effect of strain on cellular uptake of nanoparticles has 
seldom been reported. In my study, we investigate the cell uptake of nanoparticles under 
mechanical stimuli.  
 
1.3.1 Nanoparticles as drug carrier 
 
In recent decades, nanoparticles (NPs) have been rapidly investigated due to its 
extraordinary application in medicine and more specifically drug delivery [33]. NPs are 
particles at sub-micrometer scales from 1 to 100 nm. NPs as drug carriers protect the drug 
from rapid degradation or clearance and enhance specific targeting and delivery 
efficiency with higher drug concentration in target tissues[34]. NPs are generally made of 
two parts, the core material and a surface modifier that can be used to alter the chemical 
properties of the core material. The core materials are usually chemical or biological 
materials such as polymer, silica, metals, lipids, peptides, dendrimers, or dextran. The 
functionality of NPs can be changed by attaching specific chemical compounds to the 
surface. The application of NPs depends on the chemical characteristics of the core 
materials and the surface modifiers. The functional surfaces are able to adsorb, bind and 
carry other chemical compounds such as probes, proteins and small molecule drugs by 
covalent bonds or adsorption. Their biocompatibility and biodegradation are determined 
by the core composition and surface modifiers of NPs.  
 
Therapeutic agents integrated with NPs with optimal sizes, shapes and surface properties 
to prolong their circulation time, and reduce their immunogenicity. By adding targeting 
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ligands such as peptides, antibodies and small organic molecules onto the surface of NPs, 
the NP engineered therapeutic agents can specifically target cancerous cells via selective 
binding to the receptors on their surface[35]. With the rapid growth of nanotechnology, 
the toxicity of NPs attracted increasing attention for the application in drug delivery and 
more specifically cancer therapy. The potential toxicity greatly depends on the actual 
component of the NPs. When nanoparticles serve as drug carriers, they directly interact 
with tissues and cells in human body, which could potentially cause undesirable 
biological responses. Various nanocarriers have been tested as drug delivery systems, 
such as magnetic nanoparticles, silica, solid lipids, carbon materials or polymers. Gold 
(Au) nanoparticles (AuNPs) which are unique from other biomedical nanomaterials 
exhibit a combination of physical, chemical and photonic properties provide a 
multifunctional platform for site-specific drug delivery [36]. AuNPs have been reported 
to have better binding affinity to a particular disease type than liposomes or poly (lactic-
co-glycolicacid) nanoparticles [37].  
 
1.3.2 Cellular uptake of nanoparticles 
 
NPs have been increasingly used as drug delivery systems for therapy, in diagnostics and 
in imaging. They bring great advantages by tuning their characteristic properties, such as 
a reduction of side effects by targeted manipulation and enhancement of detection 
sensitivity. Despite these advantages, we also need to consider the disadvantages they 
may cause. When releasing into the environment, some hazardous effects on human or 
environment health may occur.  Adverse effects of NPs have been investigated at the 
cellular level, including apoptosis, toxicity, the generation of reactive oxygen species and 
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change in cell morphology by incubation NPs with cells. Unfortunately, the uptake 
mechanisms in detail of most cell toxicity studies haven’t been determined. As we know, 
toxicity is mainly determined by the entrance pathway and the final intracellular quantity 
and localization. Katja Kettler et al. demonstrated that cellular uptake of NPs depends 
strongly on NP size, NP shape, degree of (homo-) aggregation and surface charges [38]. 
Increasing surface charges, either positive or negative, will increase particle 
internalization compared to uncharged NPs. The recent advance in mechanobiology have 
established that mechanical cues modulate many cell responses, though such modulation 
is cell-type dependent. In particular, substrate geography, substrate stiffness, shear flow 
and cyclic strain have been shown to be a regulatory factor for cell spreading, orientation, 
proliferation and differentiation.  It has been reported that stiffness-regulated cell 
responses also modulate NP uptake kinetics, and this phenomenon could be utilized as a 
new avenue to optimize NP designs for more effective in vivo deliver. Huang’s study 
found that a stiffer substrate results in a higher total cellular uptake on a per cell basis, but 
a lower uptake per unit membrane area [39]. In our study, we investigate the effect of 
substrate geography, shear flow and cyclic strain on cell responses, including the cell 
alignment, spreading, adhesion, deformation and cellular uptake of NPs. 
 
 
 
 
 
 
 16 
 
1.3.3 Cyclic stretch influence the cellular uptake of nanoparticles 
 
The potential use the nanoparticles as imaging, diagnostic, and drug delivery agents have 
raised questions about their potential for cytotoxicity. Many researches have investigated 
the effects of NPs on cell viability due to many recent developments utilizing NPs for 
pharmaceutical and biomedical applications. Megan S. Lord et al. synthesized 
rhombohedral-shaped cerium oxide nanoparticles (nanoceria) and examined the 
internalization ability of the nanoceria by human monocytic cell line, U937, and scavenge 
intracellular ROS [40]. Jillian and colleagues investigate the effects of applied strain on 
QD uptake by human epidermal keratinocytes (HEK) [41]. They incubated HEK cells on 
collagen-coated Flexcell culture plates with QD at a concentration of 3 nM and applied 
10% average strain to the cells. Their results indicate that addition of strain results in an 
increase in cytokine production and QD uptake, resulting in irritation and a negative 
impact on cell viability [41]. Another study investigated the uptake of amorphous silica 
nanoparticles in primary endothelial cells (HUVEC) cultured under physiological cyclic 
stretch conditions (1 Hz, 5% stretch) and compared this to cells in a standard static cell 
culture system [42]. Their results indicate that cytotoxicity to endothelial cells caused by 
silica nanoparticles is not obviously changed under stretch compared to static culture 
conditions. To better understand the relationship between the cyclic stretch and the 
cellular uptake of NPs, we incubated endothelial cells with NPs and stretched with 
different strain level from 5% to 15% which mimic the strain level inside the blood vessel. 
The cell viability and detachment of cells under stretch have also been investigated 
compared to the cells in a static condition.  
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Chapter 2 - Enhanced cell adhesion and 
alignment on micro-wavy patterned 
surfaces 
 
2.1 Abstract 
 
        Tons of Micro-patterns have been developed to regulate the cell behavior when 
cultured in vitro. General micro-patterns usually have shape comers which limit the cell 
spreading and cell-cell interactions. In this study, we proposed a micro-wavy pattern with 
smooth surface which favors cell growth on the substrate. To characterize cell growth and 
responses on the micro-patterned substrates, bovine aortic endothelial cells were seeded 
onto surfaces with micro-grooves and micro-waves for 24 h. As a result, the cells on the 
micro-wavy pattern appeared to have a lower death rate and better alignment compared to 
those on the micro-grooved pattern. In addition, flow-induced shear stress was applied to 
examine the adhesion strength of cells on the micro-wavy pattern[43]. The cells on the 
micro-wavy pattern have stronger adhesion strength than those on the micro-grooved-
pattern. The combination of increased alignment, lower death rate and enhanced adhesion 
strength of cells on the micro-wavy patterns will offer advantages in potential 
applications for cell phenotype, proliferation and tissue engineering. 
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2.2Introduction 
 
 
Valuable efforts have been made to fabricate various nano/micro-patterned 
substrates for application in biomedical systems in recent years [44-47]. Various factors 
such as surface chemistry, feature geometry and elastic modulus influence the behaviors 
of cells on a substrate [1]. Harrison first investigated the behavior of embryonic cells 
[48].Weiss named cells movement and orientation behavior as ‘contact guidance’ [49]. 
The cell behavior and morphology on silica substrates of various topology was examined 
by Curtis and Varde [50].During the past five decades, researchers widely investigated 
the topographical control of cell behaviors [51-53]. It has become increasingly important 
to control the position of cells in an organized pattern on a substrate for the development 
of cellular biosensor technology and tissue engineering applications [5-7, 54].  
 
Cells are often organized in a particular pattern in tissue engineering, such as 
those in a neural network [55] and in a liver system [56]. In last decades, there have been 
progresses of growing a biomimetic tissue in microfluidic devices, namely “tissue-on-a-
chip”. Numerous methods are utilized to locate cells into a pre-designed functional 
pattern, such as physical and chemical cell trapping [57, 58], substrate topography [59], 
fluid shear [60], and compression [18]. Liu et al. fabricated a chip that can shape several 
thousands of cells into an artificial liver [61]. Electrophoresis is applied to  organize 
particular liver cells (hepatocytes) into chains radiating from a central point  [61]. 
 
With the development of nanofabrication techniques, the influences of nano-scale 
grooved patterns on cell spreading, alignment, morphology, and proliferation has been 
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investigated  [8-10]. Recent researches have reported that cell orientation and 
differentiation can be affected by a nanostructured surface [11].  Peterbauer’s group 
indicated that cell orientation follows the orientation of initial protrusions from the cell 
when seeded onto a nano-grooved surface [11]. At the same time, Wang et al. found that 
submicron grooved pattern inhibited proliferation of skeletal muscle cells, yet enhanced 
its differentiation ability [13]. Their results also supported others’ studies that cells align 
along the grooves of the substrates. However, since the groove dimensions are much 
smaller than the cell size, nanogrooves cannot offer a good control of cell position. It is 
anticipated to use a micro-pattern with size similar to the cell in order to precisely 
regulate the cell location. 
 
Many researches have been developed to investigate the effects of PDMS micro-
patterned substrates geometry on cell spreading, migration and alignment [14-16, 62]. For 
instance, Fu et al. reported that the spacing and height of micro-grooved substrate can 
affect the  spreading and adhesion  of human osteosarcoma (HOS) cells [17]. Culturing 
HOS cells on micro-grooved substrate with spacing ranging from 5 µm  to 120 µm 
indicates that cells orient well along the directions of microgrooves when the groove 
spacing is similar to the spreading size of cells [17].  
 
There is no technique that can provide good control of both cell position and 
orientation while allowing for cell-cell interaction so far. In this study, we fabricated 
micropatterns with sinusoidal waves and investigated adhesion and alignment of BAECs 
on the curved surface. While most current studies focus on a flat surface, cells are usually 
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interacting on a non-flat surface. For example, in capillary vessel with a diameter of 5-10 
μm [63], the endothelium cells are found covering a highly curved surface.  It raises a 
fundamental and interesting question how surface curvature cue may determine cell 
behaviors. A lot of artificial implants also have micropatterns on the surface.   For 
example, human umbilical vein endothelial cells were seeded onto 4 mm I.D. expanded 
poly(tetrafluoroethylene) (e-PTFE) grafts [64].  Understanding how cells interact with a 
curved surface is also essential for enhancing cell seeding and growth on these artificial 
materials. 
 
This paper presents the results of an experimental study of the spreading and 
adhesion of cells on wavy surfaces in comparison to grooved and flat surfaces. We first 
fabricated smooth micro-wavy patterns with 20 μm wavelength and 6.6 μm height, and 
micro-grooved patterns with 20 μm spacing and 5 μm height. Then, cell spreading, 
alignment and death were investigated through microscopy after a 24 h incubation period. 
Finally, we packed a microfluidic device and place the cells in the device, then apply 
shear flow to the device to examine the adhesion strength of BAECs on the micro-wavy 
pattern compared to that on the flat and grooved surface. The implications of the results 
are then discussed for the application as a tissue scaffold pattern.   
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2.3Materials and Methods 
 
 
To characterize cell growth and responses on a micro-patterned substrate, Bovine 
Aortic Endothelial Cells (BAECs) were seeded onto micro-groove (Figure 2-1 A and D) 
and micro-wavy (Figure 2-1 B and C) substrates.  
 
2.3.1 Micro-patterned PDMS substrates fabrication 
 
 
Microgrooved surfaces used in cell capture or particle isolation can be fabricated 
through standard photolithography, followed by PDMS molding techniques [24]. 
However, these surfaces typically have sharp corners, which are not favorable for cell 
seeding, spreading, and adhesion [16, 17]. To fabricate a smooth microwavy surface, we 
used bucking of oxide/PDMS bilayer, as shown in Figure 2-2. 
 
C B A D 
Figure 2- 1: Geometry of micropatterns. (A) Micro-groove cross-sectional figure; (B) Micro-wave cross-
sectional figure; (C) 1D 20 µm wavelength wavy pattern; (D) 1D 20 µm groove length groove pattern 
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Basically, a flat 0.5 mm thick PDMS sheet (40mm × 15mm) was prepared from Sylgard 
184 (Dow Corning, Midland, MI, USA) in a 10:1 weight ratio of silicone elastomer base 
to the curing agent. After curing at 65oC for 4h, the crosslinked PDMS sheet was then 
uniaxially stretched by a custom-designed stretching device to 50.0% strain and exposed 
to a UVO cleaner (model 144AX, Jelight Company, Inc.) or O2 plasma (Enercon 
Industries Corp., Menomonee Falls, WI, USA) for 1 hour to generate a thin silicate layer 
[65, 66].  After releasing the substrate from the stretcher, the difference in elastic 
modulus causes the oxide/PDMS bilayer to buckle and form wrinkled surface. The 
wavelength (λ) and amplitude (A) of the wrinkles can be tuned by varying the elastic 
modulus of the PDMS substrate and the thickness of the top silicate layer [66-69]. The 
micro-wavy pattern used in this study was created with a wavelength of 20 μm and a 
height of 6.6 μm.  
We also fabricated micro-grooved molds on silicon wafers through 
photolithography with geometries shown in Fig. 1 D. PDMS was then poured into the 
UVO 
Stretch relief 
 
 
Clamp  
PDMS  Effective area 
inside red line  
 
Uniaxial Stretch 
 
 
  
A 
B C D 
λ 
h 
Figure 2- 2: Illustration of the fabrication process of micro-wavy patterns.(A-D) Uniaxial stretching of 
PDMS films at various mechanical stretch settings to generate micro-wavy patterns 
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molds. After degassing in vacuum chamber for 30 min, the samples were cured in an 
oven at 65oC for 4 hours. The cured PDMS layers were peeled off. The micro-grooved 
patterns were created with 20 μm spacing and 5 μm height. 
 
2.3.2 Microfluidic device fabrication 
 
The microfluidic shear devices were assembled by covering the fabricated 
micropatterned wavy surface with a PDMS transparent cover pattern. A desktop digital 
craft cutter (Silhouette America, Inc., UT, USA) was used to make the cover pattern [70]. 
By using the interactive computer software, 120 μm thick adhesive gold foil (Silhouette 
America Inc., UT, USA) was printed to form the design of the structure. This foil was 
stuck onto the glass as a cover pattern mold. PDMS was poured onto the mold. The cured 
PDMS layers were peeled off after 4h at 65oC. The cover pattern was a rectangle 36 mm 
long and 6 mm wide. Two 2 mm diameter holes were punched on the two sides of cover 
pattern as the inlet and outlet. The PDMS substrate and cover pattern were both rinsed in 
70% ethanol, plasma treated for 90 seconds, and then bound together to assemble 
microfluidic channel devices.  
 
2.3.3 Cell culture on micro-patterned substrates 
 
All reagents and chemicals for cell culture and detachment were purchased from 
Sigma-Aldrich USA. Our endothelial cells were obtained from Cell Applications (San 
Diego, CA). BAECs were maintained in 25 cm2 cell culture flasks that were kept at 37°C 
in Dulbecco’s Modified Eagle’s medium (DMEM) containing 10% heat inactivated Fetal 
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Bovine Serum (FBS) and 1% Penicillin/Streptomycin in a 100% humidity atmosphere 
with 5% CO2. BAECs between passages 10-15 were used in all reported experiments.  
 
Prior to static cell culture experiment, the PDMS substrates were sterilized by 
rinsing with 70% ethanol (2 h), followed by phosphate buffered saline (PBS) (5 min) and 
autoclaved for 1 h. Gelatin was used in this study to increase cell attachment to substrate. 
It was diluted to desired concentration (0.2%) with TE buffer. The micropattern surfaces 
were rinsed with 0.2% gelatin for 2 h in the incubator to allow sufficient gelatin 
adsorption onto the underlying PDMS surface. After rinsing with 1ml PBS, micropatterns 
were rinsed and maintained in supplemented medium until cell seeding.  
 
The cells were harvested using trypsin after reaching approximately 80% confluency.  
Cells were centrifuged and resuspended in Dulbecco’s modified Eagle medium (DMEM) 
(Sigma Aldrich) with 10% heat inactivated Fetal Bovine Serum and 1% 
Penicillin/Streptomycin. Determined by a hemocytometer count, approximately 2.5 × 105 
cells/mL concentrated cells were seeded by standard cell culture protocol onto the micro-
patterned PDMS substrates. After 24 h and 48 h incubation, cell spreading and 
orientation was then imaged with a Nikon phase-contrast microscope with an objective 
magnification of 20×.  
 
2.3.4 Imaging of cell morphology using scanning electron microscopy 
 
BAECs were cultured on 20 µm wavy surface for 24 h. After spreading, cells were fixed 
in 4% paraformaldehyde for 1 h. The cells were then rinsed with PBS for 5 min (three 
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times). Next, the substrates were immersed into 20%, 30%, 50%, 70%, 85%, 95%, and 
100% (volume/volume) ethanol concentration gradient solutions (15 min in each solution) 
[71]. All substrates were lyophilized in the refrigerator overnight. Cells were qualitatively 
examined for overall cell shape, orientation relative to the underlying waves using 
scanning electron microscope (SEM).  
 
2.3.5 Cell death 
 
 
Cell death was determined by staining with ethidium homodimer-1 (EthD-1) (Sigma 
Aldrich, USA), a fluorescent nuclear stain that penetrates dead cells and increases 
intensity after binding to DNA. Staining was done according to the standard procedures. 
Staining cells on different patterns were counted in 3 randomly selected microscopic 
fields (at least 500 cells) and the % positive cells were calculated relative to the total 
number of cells on the pattern. Cell death rate data are expressed as the mean % positive 
cells ± SEM.  
 
2.3.6 Cell adhesion strength assays 
 
 
Besides static seeding, cell response to external stimuli such as shear flow was 
also studied via a microfluidic based testing platform. A typical integrated microfluidic 
testing device is illustrated in Figure 2-3 A-B. The fabricated micropatterned surface was 
covered with a PDMS transparent cover pattern via O2 plasma bonding [72, 73]. As a 
comparison, a flat PDMS microchannel device was also used as a testing device.  
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Cells were trypsinized from the flasks and suspended at 106  cells/mL [74]. To assure 
better cell adhesion, 100 μl gelatin was injected into the inlet reservoir of the 
microchannel and incubated for 2 h prior to cell culture. After rinsing with PBS, the 
concentrated cell suspension was injected into the gelatin-coated microchannel device 
using a syringe. The device was incubated at 37oC with 5% CO2 for 1.5 h to allow initial 
cell attachment and spreading on the channel surfaces. Observations were made after 1.5 
h incubation using a Nikon phase-contrast microscope, and images were taken with a 
CCD camera.  
 
To investigate adhesion strength, attached cells were subjected to increasing 
levels of flow-induced shear stress over a 12 min period. Cell culture medium was driven 
through the microchannel by a programmable syringe pump (Harvard Apparatus PhD 
2000, USA) at 2.775, 5.55, 11.1, 27.75, 55.5, 111 mL/h, each for 2min. These flow rates 
translated to shear stress of 0.25, 0.5, 1, 2.5, 5 and 10 dyn/cm2. The shear stress was 
calculated from Equation (1) [75, 76]. 
A B 
Figure 2- 3: Microfluidic based testing device.(A) Sketch of the microfluidic device; (B) Image of the 
microfluidic device 
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2
6Q
Tw
H W
µ= ⋅             (1) 
Where µ  is the viscosity of the flow fluid (0.007 g/cm/s, at 37oC), H the channel 
height (0.012 cm),W  the channel width (0.9 cm) and Q  the flow rate (mL/s). Images 
were taken at 2 min intervals shear period at the same place.  
 
2.3.7 Statistical Analysis 
 
 
Results are presented as means ± standard error of the mean (SEM). Statistical 
significance of differences was determined using Student’s t-test.  
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2.4Results 
 
2.4.1 Cell distribution 
 
 
BAECs were seeded onto the wavy surface with a wavelength of 20 µm. At the 
initial seeding, the rounded BAECs were almost uniformly distributed on the wavy 
surface (Figure 2-4A). To quantify the cell distribution, the 20 μm wavelength was 
divided into 1 μm segment locations and a histogram of the number of cells in each 
segment was created (Figure 2-4B). In the phase-contrast microscope image, the white 
lines represent the crest of the micro-wavy surface.  Most cells tend to be located at the 
troughs of the wavy surface, which demonstrates that wavy surfaces have good control of 
cell position.  
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Figure 2- 4: Cell distribution at the initial seeding. (A) Microscope image of cells on a wavy surface with 20 
µm spacing and 6.6 µm height; (B) The number of endothelial cells at different wave locations 
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2.4.2 Cell spreading, localization and alignment  
 
After 24 h of cell culturing, while BAECs on the flat surface were randomly oriented 
(Figure 2-5A), those on the micro-wavy surface were found oriented along the long axis 
of the waves (Figure 2-5B). The BAECs on the flat surface also appeared rounder than 
those on the wavy surface. Comparing the images of the wavy surface captured after 24 h 
and 48 h (Figure 2-5B and C), no significant differences were observed on the 
distribution or spreading of the cells; thus, the incubation time of 24 h was utilized for 
further analysis. In addition, scanning electron microscopy (SEM) images revealed that 
the cell aligned along the wave and was located in the trough of the wave (Figure 2-5D). 
In preparation for SEM, cells were fixed in 4% paraformaldehyde for 1 h and washed 
with PBS; then, the cells were dehydrated in 20%, 30%, 50%, 70%, 85%, 95%, and 100% 
(volume/volume) ethanol concentration gradient solutions (each for 15 min), followed by 
24 h  dry out in the refrigerator. Thus in the SEM image (Figure 2-5D), cells look smaller 
than in the optical images because of the cell dehydration process in preparation for 
SEM(Figure 2-5A-C).    
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The cell alignment after static seeding for 24 h was quantified using the Image J software 
to determine the location and alignment angle of cells. The alignment angle (0o~90o) of 
each cell was defined as the angle between the long axis of the cells and the wave 
direction of the wavy surface. Around 100 cells were measured after 24 h on wavy 
surface and a statistical analysis was performed on the measured data using Matlab.  
 
B 
A 
C D 
Figure 2- 5: Images of BAECs on different substrates.(A) Microscope image of cells on flat PDMS substrate 
after 24 h; (B) Microscope image of cells on 20 µm spacing, 6.6 µm height micro-wave after 24 h; (C) 
Microscope image of cells on the micro-wave after 48 h; (D) SEM image of a BAEC on micro-wavy 
substrate after 24 h. In Fig. D, the cell looks smaller than in Fig. A-C because of the dehydration process in 
preparation for SEM 
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Cells were either elongated or aligned with the wave direction or were 
approximately round. To quantify the cell distribution and alignment on each segment, 
the wavy surface was divided into peak, slope and trough three parts. The cells on the 
peak show better alignment than that on the slope and trough (Figure 2-6A). Meanwhile, 
most of the cells were found to be located at the troughs of the wavy surface (Figure 2-6B) 
after 24 h incubation. 
 
The cell orientation histograms are presented in Figure 2-7A-C. Figure 2-7A 
shows that most cells were located in the troughs of the wave. Figure 2-7B shows that 
about 60% of the cells had a <10° alignment angle, with a significant fraction of them 
very close to 0° on the 20 µm wavy surface. The spread endothelial cells show strong 
alignment within the wavy pattern. The alignment angle and wave location of each cell 
are shown in Figure 2-7C. A wider angle distribution of cells is observed at troughs of the 
wave, while a narrow angle distribution of cells is observed at the crests of the wave. 
 
B A 
Figure 2- 6: Histogram of cell alignment (A) and distribution (B) on the peak, slope and trough of the 20 µm 
spacing, 6.6 µm height micro-wavy surfaces 
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2.4.3 Cell spreading on micro-wavy and micro-grooved substrates 
 
To understand surface curvature effect to cell adhesion and spreading, we seeded 
BAECs onto surfaces with microgrooves for comparison to those on microwaves. 
Similarly to the micro-wavy pattern, most of the BAECs were located at the troughs of 
the grooves after 24 h incubation, as shown in Figure 2-8A-B. Figure 2-8C shows that 
cells on the 20 µm wavy surface had better alignment than on the 20 µm groove surface.  
 
Cells were found to not only seed denser on the wavy surface, but also spread 
healthier, which was quantified by the death rate of cells. Cells on a 20 µm grooved 
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Figure 2- 7: Alignment of BAECs on 20 µm micro-wavy substrates after 24 h incubation.(A-C) 
Histograms of cell number, alignment angle, and cell location on 20 µm wavy surfaces (n=100). 
Error bars, SEM. 
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surface had a higher death rate after 24 h than those on the 20 µm wavy pattern and flat 
surface as depicted in Figure 2-8D. This may be explained by the larger area exposed to 
the culture medium on the wavy surface compared to confinement of the grooved surface. 
 
2.4.4 Cell adhesion strength 
 
 
To measure the cell adhesion strength, five control experiments were performed 
to examine cells detachment over time and as a function of shear stress. The flow was 
applied in the direction of both perpendicular and parallel to the grooves and waves. In 
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Figure 2- 8: Phase-contrast images of BAECs after 24h incubation. (A) 20 µm spacing, 5 µm height 
micro-groove; (B) 20 µm spacing, 6.6 µm height micro-wave; (C) Alignment angle (mean ± SEM) of 
BAECs on micro-grooved and micro-wavy pattern. (D) Death rate of BAECs on flat, groove and wavy 
surface. BAECs on the wavy pattern show better alignment and lower death rate than those on the 
micro-grooved pattern. *P < 0.05; Student’s t test. 
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the first experiment, the shear flow was fixed at 1 dyn/cm2 for 12 min. This particular 
shear level corresponds to the lower end of physiological shear stress in the blood vessels 
which ranges from 1 dyn/cm2 to 70dyn/cm2 [77].   The number of attached cells 
decreased quickly within the first 2 min, and plateaued afterwards, as shown in Figure 2-
9A. This suggested that at a given shear level cells detached quickly rather than gradually 
peeled off over time. Thus, two minutes is enough to establish a steady number of cell 
detachment.  
 
The second experiment was performed by repeating the standard shear assay of 
0.25, 0.5, 1, 2.5, 5 and 10 dyn/cm2 at 2 min intervals over the 12 min period. We 
measured percentage of cells stayed in flat, groove and wavy channels at six levels of 
shear stress (Figure 2-9B). In total, three experiments (n = 3) were conducted for each 
channel with flat, groove and wavy surfaces, respectively. Qualitative evaluation of these 
profiles showed that BAECs were attached to flat channels with ~60% cells remaining 
after the assay. When the flow direction was perpendicular to the grooves and waves, 
BAECs attached better on wavy channel with ~80% cells remaining after the assay. 
While when the flow direction was parallel to the grooves and waves, BAECs on the 
wavy pattern channels also showed stronger cell adhesion than those on the grooves and 
flat ones.  
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2.5Discussion 
 
 
The scaffolds used for tissue implantation have requirement of geometries which 
favors cell attachment, differentiation and proliferation. This study particularly analyzed 
the cell adhesion strength on different substrate geometries which is important for cell 
seeding on scaffolds as the cells must be able to withstand the local shear stresses in a 
dynamic in vivo system. In this study, a 20 µm periodic wavy pattern was indicated to 
significantly enhance BAECs orientation and adhesion compared to a flat surface, as 
shown in Figure 2-6 and Figure 2-9.  
 
It is widely investigated that micro patterning has the ability to modulate the cell 
morphology, function and its application in tissue engineering. Fu et al. [17] found that 
the cells align well along the directions of microgrooves when the groove spacing is 
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Figure 2- 9: Shear flow testing via a microfluidic based testing platform. (A) Shear stress of 1 dyn/cm2 was 
applied for 12 min; (B) Diagram represents shear stress level applied, 2 min at 0.25 dyn/cm2, 2 min at 0.5 
dyn/cm2, 2 min at 1 dyn/cm2, 2 min at 2.5 dyn/cm2, 2 min at 5 dyn/cm2, 2 min at 10 dyn/cm2. Data presented 
as mean ± SEM (n=3). 
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comparable to the spread cell size.  Their results are consistent with the results obtained 
from the cell alignment on micro-wavy and micro-grooved PDMS substrates, as shown in 
Figure 2-8A-C. In this work, stronger alignment effect and lower death rate were 
observed for cells on the micro-wavy pattern compared to that on a micro-grooved 
pattern.  
 
ECs culture in vitro is usually executed under static conditions such as in a culture 
dish or flask with stationary medium [78]. Since endothelial cells form the inner lining of 
blood vessels, they are normally exposed to continuously flowing blood as opposed to 
static conditions. It is therefore desirable to study the cell/biomaterial interactions in vitro 
under conditions closely resembling those in vivo, specifically under shear stress after 
seeding [79]. The results indicated that BAECs on wavy surface had stronger adhesion 
strength than cells on flat and groove surface (Figure 2-9B). This might be due to the 
concave shape of the wavy pattern, leading to larger contact area with cell, which is 
favorable for cell adhesion. 
 
It has been reported that traditional two-dimensional (2D) tissue culture is less 
physiological than three-dimension (3D) tissue culture [80-83]. Chen et al.  described 
experimental scenarios in which 3D culture is particularly relevant, highlight recent 
advances in materials engineering for studying cell biology, and discussed  examples 
where studying cells in a 3D context provided insights that would not have been observed 
in traditional 2D systems [83]. Usually a complex setup using ECM matrix and tracker is 
needed for such 3D study. Here, the wavy surface with tunable surface topography might 
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allow us to study cell adhesion in a semi-3D environment, which is more cell friendly 
than a flat and groove surface.  
 
2.6Conclusions 
 
A micro-wavy pattern has been proposed to influence both the initial seeding and 
orientation of cells. Most cells are found to stay in troughs of the wavy pattern, which is 
similar to that on the groove pattern. Meanwhile, BAECs on the micro-wavy pattern 
demonstrate lower death rate than that on micro-grooved pattern. More importantly, 
BAECs adhered to the wavy surface, displaying both improved orientation and adhesion 
strength compared to that on the flat surface. Although BAECs are used in this study, the 
enhanced alignment and adhesion observed should be applicable to various other cell 
lines. Our findings suggest that this micro-wavy pattern could be utilized in cell culture 
for studying cell biology and in cell seeding as a tissue scaffold surface pattern to 
improve cell adhesion. 
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Chapter 3 - Cyclic strain enhances 
cellular uptake of nanoparticles 
 
3.1 Abstract 
 
        Cyclic strain has been investigated to regulate the cell behavior such as cell 
orientation and proliferation, but little is known about the cell uptake of NPs responses to 
cyclic stretch. With the application of NPs as drug carriers, the cellular uptake of NPs 
gained more investigation. We propose to examine the cellular uptake of NPs under 
cyclic stretch with strain levels from 5% to 15% which mimic the strain level in the 
human vessel. BAECs were cultured on collagen-coated Flexcell culture plates and 
placed under cyclic equal-axial strains. NPs of sizes from 50 to 200 nm were loaded at a 
concentration of 0.02 mg/mL and cyclic strains from 5 to 15% were applied to the cells 
for one hour. Results indicate that the enhanced uptake also depends on size of the NPs 
with highest uptake by 100 nm NP. The effect of enhanced NP uptake lasts around 13 
hours after cyclic stretch. Such in vitro cell stretch system mimics physiological 
conditions of the lung vessel and could potentially serve as a biomimetic platform for 
drug therapeutic evaluation.   
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3.2 Introduction 
 
In recent years, rapid progress has been made in nanoparticle (NP) technologies 
for the development of disease diagnosis and therapy [84]. It was found that cellular 
uptake of NP efficiency and quantity depends on various nanoparticle characteristics, 
including the NP concentration [85], size [86], shape [87], and surface chemical 
structures [88]. However, these discoveries have not yet been applied to effective targeted 
therapies due to the complexity of the in vivo environment that severely inhibits their 
efficiency. This must be overcome to fully exploit the potential of NPs to improve drug 
pharmacokinetics and pharmacodynamics.  
 
It is obvious that ECs form the interior of the blood vessels and serve as a major 
barrier for therapeutic agents passing through the bloodstream to the target tissues [89]. 
NPs can serve as carriers of drug for targeting therapeutic to specific location and 
enhancing the resistance time in body. [90] . NPs entrance into cells depends on various 
factors, such as the size of the NP, the surface coating and charge [91].For example, the 
efficiency of carboxydextran-coated superparamagnetic iron oxide nanoparticles (SPION) 
uptake was correlated to the amount of carboxyl groups on the NP surface [92].  Cationic 
D, L-polylactide (PLA)-NP entered Hela cells in greater amounts than anionic PLA-NP 
[93] . In this work, we investigate the endothelial cell uptake of carboxylated polystyrene 
NPs (PS-COOH) with positive charge. 
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 Furthermore, ECs in vivo are obviously exposed to a variety of mechanical 
stresses including shear flow and cyclic strain caused by the blood flow [94]. The 
investigation of ECs response to mechanical stresses through in vitro experiments helps 
in the understanding of endothelial function, mechanisms involved in endothelial damage, 
and therapeutic targeting. It has been reported that cyclic strain influences the mechanical 
properties of ECs, such as cell proliferation [95], cytoskeletal structure [96], signal 
transduction [97], gene expression and transfer [98]. However, few researches have been 
executed to examine the effect of cyclic strain on the cellular uptake of NPs [99]. The 
goal of this study is to quantify the effects of cyclic strain on the cellular uptake of NPs 
and its relationship with NP. The improvement of NPs internalization by ECs under 
physiologically relevant mechanical stress might be valuable for the advance of targeted 
therapeutics. 
 
 In this work, we seeded the BAECs on Flexcell six-well plates and stretched the 
membrane with a cyclic stretcher to investigate the EC internalization of NPs. The aim of 
this study was to find out the correlation between cyclic strain and the internalization of 
NPs into endothelial cells. The results indicated that cyclic strain obviously increased the 
cellular uptake of NPs. We further examined the strain effect on the cellular uptake of 
NPs by altering the cyclic strain level and particle size.  The results demonstrated that the 
enhanced cellular uptake was size-dependent with an optimal particle size of 100 nm. 
Additionally, the cellular uptake is strain-dependent and improves as the strain level 
increases. 
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3.3 Materials and Methods 
 
All reagents and equipment, unless otherwise indicated, were purchased from 
Sigma-Aldrich USA.  
 
3.3.1 Cell culture 
 
 
The bovine aortic endothelial cells (BAECs) which provided by Cell Applications 
(San Diego, CA) were cultured in 25 cm2  cell culture flasks using a medium containing 
Dulbecco’s Modified Eagle’s medium (DMEM), 10% heat-inactivated fetal bovine serum, 
and 1% Penicillin/Streptomycin inside a humidified incubator at 5% CO2 and 37 
oC [43, 
100]. The cells were passaged in a split ratio of 1:2. All experiments were performed with 
cells between passages 10 and 15.  
 
3.3.2 Seeding of BAECs for cyclic stretch study 
 
 
Cell culture medium was aspirated from the flask and the cell monolayer was 
washed with sterile phosphate buffered saline (PBS, pH 7.4). After removing the PBS, 3 
mL trypsin was added to the flask. The flask was placed in the incubator (Thermo 
scientific, USA) at 37oC for 3 min to allow for cell detachment. Fresh cell culture 
medium was added to the flask and flushed with a 10 mL pipette several times to ensure 
that all the cells were in suspension. Afterwards the cell suspension was transferred to a 
15 mL tube. The cells were centrifuged at 1500 rpm for 5 min in order to pellet the cells. 
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The supernatant was discarded and cells were resuspended in fresh cell culture medium. 
For the cyclic stretch study, BAECs were seeded into six-well, collagen type I coated 
Bioflex plates (Flexcell international Corp., NC, USA) at 6 × 105 cells/well, determined 
by a hemocytometer count.  
 
3.3.3 NP uptake assay and cyclic stretch 
 
Carboxylate-modified fluorescent polystyrene NPs (50 nm, 100 nm, 200 nm) 
were sonicated for 15 min to break apart possible aggregations and diluted to the final 
concentration of 0.02 mg/mL in fresh culture medium [39]. This concentration is non-
toxic and can be applied without overloading the cells with nanoparticles. After cells 
reached 80% confluence in the six-well plates, the media was discarded and replaced 
with NP medium, and BAECs from the test group were subjected to cyclic stretch with 
frequency of 1 Hz and cyclic strain (5%, 10%, and 15%) for 1 h. A Flexcell tension 
system (Flexcell international Corp., NC, USA) was used to apply physiological 
equibiaxial cyclic strain for a wide range of durations, amplitudes, and frequencies [101, 
102]. The control group was not subjected to the cyclic stretch while kept in the same 
condition as the test group.  
 
3.3.4 Analysis of cellular uptake 
 
After loading the NP for 1 h, the cells were rinsed with DPBS to eliminate free 
particles that were not taken up by the cells. Phase contrast and fluorescence images were 
acquired with a Nikon phase-contrast microscope using a 20x lens (Olympus, JP). For 
quantitative analysis of cellular uptake, 0.5% Triton™ X-100 in a 0.2 M NaOH solution 
 43 
 
was added to destroy the cell membrane [86]. The cell medium was transferred to a 96-
well plate. Quantitative measurement was then performed by the definite quantitative 
determination of each cell lysate with a fluorescence Infinite M200 Pro microplate reader 
(Tecan, Männedorf, Switzerland). 
 
3.3.5 NP localization and cell viability assay 
 
 After cyclic stretch for 1 h, cells were washed three times with PBS, fixed in 4% 
paraformaldehyde for 30 mins, and then washed three times with PBS. Afterwards, cells 
were permeabilized in 0.3% Triton™ X-100 for 5 mins at room temperature. Cells were 
washed three times with PBS and then incubated with DAPI to visualize nuclei. Cells 
viability was determined by staining the cells with Calcein AM. The fluorescence images 
were observed under a Nikon phase-contrast microscope with 20 × objective.  
 
3.3.6 Statistical analysis 
 
The cellular uptake of nanoparticles (%) was calculated as the fluorescence of the 
NPs taken up by the cells relative to the total fluorescence of the NPs in the solution. 
Results are expressed as means ± standard error of the mean (SEM). Statistical analysis 
was conducted by using the Student’s t-rest, with P < 0.05 as the significant difference. 
Each data point were performed with a minimum of three independent experiments (n=3). 
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3.4 Results 
 
3.4.1 Size-dependent uptake of NPs 
 
 
In this study, nanoparticles of different sizes 50 nm, 100 nm, and 200 nm were 
used to evaluate the correlation between particle sizes and the internalization of NPs into 
endothelial cells. The fluorescent dye embedded inside the NPs allows us to quantify 
cellular uptake through fluorescence images. Assuming that the fluorescence intensity is 
proportional to the number of fluorescent NPs, the average fluorescence yielded within 
individual cells indicates the cellular uptake of NPs. It should be mentioned that in 
extracting the fluorescence intensity, the seeded cells were extensively washed using 
DPBS to remove any NPs adhered to the cell surface. Therefore, the fluorescence 
intensity accounts only for the internalized NPs. The cells were cultured in six-well plates 
for 24 h before loading the NPs for 1 h. We further quantify the cellular uptake of NPs 
with a fluorescence Infinite M200 Pro microplate reader (Tecan, Männedorf, Switzerland, 
λex 488 nm, λem 644 nm). As shown in Figure 3-1A, BAECs uptake more 100 nm NPs 
than 50 nm and 200 nm NPs.  The result indicates that cellular uptake exhibited size-
dependence for the NPs in BAECs, and the optimal size was around 100 nm. This result 
is consistent with other investigations that cells uptake more 100 nm than other sizes [86, 
103].  
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3.4.2 Comparison on the stretch enhanced uptake of the different sized NPs 
 
We compared the cyclic stretch effect on 50 nm, 100 nm, and 200 nm particles 
uptake separately. We found that after stretching with 15% strain for 1 h, the uptake 
enhancement of 100 nm particles was much higher than those of 50 nm and 200 nm 
particles (Figure 3-1A). While 50 nm and 200 nm particles shows around 20% higher 
cellular uptake after stretching for 1h, 100 nm particles shows more than two folds of 
enhancement.   
 
We also investigated the viability of cells with Calcein AM staining after 
incubation with 50 nm, 100 nm, and 200 nm NPs. The cell viability was analyzed by 
calculating the percentage of live cells on the substrate. Comparing with cells without NP 
exposure, no significant differences were found as shown in Figure 3-1B. This indicates 
that incubation with NPs from 50 to 200 nm does not have apparent effect on cell 
viability.  
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Figure 3- 1: Uptake efficiency of 50 nm, 100 nm and 200 nm particles. The uptake of 100 nm 
nanoparticles has significant enhancement after stretching compared to static condition. (B) Cell viability 
after incubation with NPs of different sizes and without NPs (control). Bars represent mean ± SEM (n=3). 
* Denotes significant differences (p < 0.05). 
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3.4.3 Stretch effect on cellular uptake of NPs 
 
Since it was found that 100 nm NPs have the highest uptake in cells compared to 
50 nm and 200 nm NPs, we used carboxylate polystyrene NPs (PS-COOH) with 
diameters of 100 nm to study the dependence of strain level on cellular uptake. BAECs 
were cultured on six-well plates for 24 h before loading NPs into the culture media. 
Fluorescence and phase contrast images were taken after loading NPs for 1 h at different 
strain levels (Figure 3-2).  
 
The images show that the stretch influences the cellular NP uptake quantity. A 
microplate reader was used to quantify the uptake of NPs in each plate. For each sample, 
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Figure 3- 2: Cellular uptake of fluorescent NPs by the cells on plates with different strain ratio (0%, 5%, 
10% and 15%) (Scale bar: 20 µm). Cells were cultured on substrates for 24 h before loading the NPs. 
Images were taken after loading the NPs for 1h. 
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the negative control of cells without NPs was also determined. We found that the 
application of cyclic stretch significantly promotes the cellular uptake of 100 nm 
polystyrene nanoparticles relative to static cells, as depicted in Figure 3-3. This 
qualitative observation agrees with that reported by Huh et al.[104].  We further 
compared the cellular uptake of NPs with different cyclic strains: 5%, 10%, and 15%. 
Results in Figure 3-3A indicate that the cellular uptake of NPs is strain-dependent, and 
higher strain leads to more NP uptake. The endothelial cells in vivo are exposed to shear 
stress and cyclic stretch induced by the pulsatile blood flow. The levels of applied 
uniform strain (5 to 15%) cover the range of strain experienced by endothelial cells in 
vivo. This result indicates that mechanical strain influences NP uptake, which is not 
considered in the static culture dish work. NP uptake observed in such a cyclic strain 
system is closer to one that might be observed in animal studies for drug targeting and 
toxicology applications.  
 
To make sure cyclic stretch doesn’t get cells detached, we also examined the detachment 
of cells after incubation with 100 nm NPs under cyclic strain (5%, 10%, and 15%) for 1 h. 
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Figure 3- 3: Cell incubation with nanoparticles after stretching for 1 h with cyclic strain (5%, 10%, 15%) 
and at static condition (control group). (A) Cellular uptake efficiency of nanoparticles. (B) Percentage of 
detached cells indicates no significant detachment difference. Bars represent mean ± SEM (n=3). * p < 
0.05 vs. static cells. 
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No significant difference of cell detachment were found compared to static cells as 
shown in Figure 3-3B, partially because the plates were coated with collagen type I 
which can help cell adhesion on the surface. The result indicates that the strain level from 
5 to 15% will not apparently lead to the detachment of cells.  
 
3.4.4 NPs localization within the cells 
 
To figure out the distribution of NPs within the cell, position of the nuclei in each 
cell was labeled with DAPI staining. The intracellular localization of the NPs was 
recorded after 1 h using fluorescence microscopy. As shown in Figure 3-4, most of the 
NPs were located outside of the nucleus and within the cell cytosol. This result is 
consistent with that reported in literature [2][3]. Additionally, cyclic stretch did not 
change the localization of NPs within the cells as shown in Figure 3-4 B, D. NPs are still 
localized in the cell cytosol after stretching.  
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Figure 3- 4: Phase contrast and fluorescence images of BAECs after nanoparticles uptake for 1 h. (scale 
bar: 10 µm). The nucleus in each cell was labeled with DAPI staining (blue color). (A-B) Represents 
uptake of 100 nm nanoparticles by BAECs with 15% stretching for 1 h. (C-D) Represents uptake of 100 nm 
NPs by BAECs incubated for 1 h without stretching. Nanoparticles (green color) are seen outside of the 
nucleus. (E-F) Control experiment without nanoparticle incubation. 
 49 
 
 
3.4.5 Time duration of NP uptake enhancement effect 
 
 
We further explore how long this stretch-enhanced NPs uptake effect lasts. To 
investigate the effect duration time, we first stretched the cells for 1 h without loading the 
NPs. We then loaded the NPs into each plate after waiting for 0, 2, 4, 6, 9, 11, 13 and 22 
h separately. Fluorescence signals were quantified by a microplate reader for each sample. 
The cells exposed to cyclic stretching uptake more NPs than the control group of cells. 
The NP uptake enhancement effect after stretching decreases nonlinearly with time and 
disappears after 13 h compared to the cells without stretching, as shown in Figure 3-5. 
The cellular uptake of NPs did not obviously change even 4 h after stretching and began 
to decrease 6 h after stretching. This result indicates that the effect of cyclic stretch on 
cellular NP uptake can last for as long as13 h.  
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Figure 3- 5: The cellular nanoparticle uptake after stretching 1 h and waiting for 0 h, 2 h, 4 h, 6 h, 9 
h, 11 h, 13 h, and 22 h. Control group shows the cells without stretching. The uptake of 
nanoparticles decreased after 4 h and recover to static condition after 13 h. Bars represent mean ± 
SEM (n=3).* p < 0.05 vs. control group. 
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3.5 Discussion 
 
 
The rapid development of NPs provides great improvement in biomedical 
therapies due to its application as drug delivery carriers or imaging tools [105]. In vitro 
experiments were generally conducted to investigate the targeting, delivery, and uptake 
behaviors of nanoparticles. It is highly desirable to develop in vitro models that mimic 
the in vivo environment. For example, Huh et al. develop a biomimetic microsystem that 
reconstitutes the critical functional alveolar capillary interface of the human lung to 
investigate cell reactions such as toxicity or the formation of reactive oxygen species 
[104]. Compared to static culture, the addition of cyclic strain provides physiological 
conditions closer to that in vivo.  
 
We found that BAECs uptake more NPs under cyclic strain conditions compared 
to static conditions and such enhancement is size-dependent and strain-dependent. To my 
understanding, very few investigations were previously found about the correlation 
between cyclic strain and NPs uptake into endothelial cells. Rouse et al. examined the 
cell viability, quantum dots (QD) uptake, and cytokine production under 10% cyclic 
strain condition [41]. Their results indicate that the addition of stain results in an increase 
in QD uptake by human epidermal keratinocytes (HEK). They reported that application 
of physiological load conditions can increase cell membrane permeability, thereby 
increasing the concentration of QD nanoparticles in cells. Other research further 
demonstrated that cyclic stretch leads to the generation of reactive oxygen species, which 
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increase monolayer permeability via activation of NF-kB and extracellular signal–
regulated kinase (ERK) [106].  
 
According to the experimental results in this work, the enhanced NP uptake effect 
will disappear after 13 h. This may be related to the response of cells to mechanical 
strains. Other studies also reported that repeated stretches resulted in the trafficking and 
remodeling of caveolin-3-rich membrane domains and accelerated turnover of membrane 
glycosphingolipids [107]. The mechanical strain effects on the cytoskeleton also play an 
important role in mechanotransduction [25, 108]. The changes in the arrangement of the 
cytoskeleton and the stretch-induced unfolding of caveolae might reflect the mechanisms 
of the cellular adaptation to mechanical strains which may affect endocytosis events 
[109]. This may result in a changed uptake rate of NPs in BAECs in a strain-dependent 
manner. When the mechanical strains disappear, the cellular uptake of NPs recovers to 
normal condition after 13 h.  
 
The outcomes of this in vitro study indicate that mechanical strain influences the 
BAEC’s ability to uptake NPs. This study has also shown that differences occur with 
different cyclic strains and particles sizes. More testing in the future, such as using a 
different endothelial cell type, strain frequency, stretch time, particle type, chemical 
structure, and NP concentration can be performed to better understand how mechanical 
strain affects the uptake of NPs into endothelial cells.   
 
 
 52 
 
3.6 Conclusions 
 
 
Mechanical strain is shown to enhance cellular uptake of nanoparticles. The cell 
internalization of nanoparticles is size-dependent and has an optimal size of about 100 
nm. Additionally, the cell internalization of nanoparticles is strain-dependent and shows 
more internalization with higher strain levels. This enhanced nanoparticle uptake 
behavior can last for 13 h and disappears afterwards. Future research is needed to 
investigate the intercellular processes and activities affected by cyclic stretch to further 
understand the uptake mechanism. The strain level used in this study is similar to that in 
physiological systems, thus it may be helpful to understand targeted nanoparticle drug 
delivery in vivo.  
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Discussion 
 
General micropatterns created by standard photolithography process are usually 
rectangular channels with sharp corners (microgrooves).  So far, cells are localized on 
these microgrooves with sharp corners as reported in most of the researchers. While these 
grooves provide strong geometry constrain on cells, these individually separated 
microgrooves cannot provide contact interfaces between cells, which are important for 
cell-cell interaction study. Additionally, cells on the microgrooved substrate exhibited 
significantly lower proliferation rates compared to those on the flat surface [110].  
 
A micro-wavy substrate with smooth surfaces has been fabricated to modulate the 
cell spreading and adhesion on the substrate. This work presents the results of an 
experimental study of the alignment and adhesion of cells on wavy surfaces in 
comparison to grooved and flat surfaces. ECs in vitro are exposed to shear flow in the 
blood vessel, thus it’s better to investigate the cell behavior under flow condition 
compared to static condition. In the current study, the cells were subjected to shear stress 
from 0.25 dyn/cm2 to 10 dyn/cm2 after static spreading on both wavy, groove and flat 
surface. ECs cultured on the microwavy surface indicated better adhesion strength than 
those on the groove and flat surface.  
 
ECs in vivo are constantly exposed to a variety of forces that generate mechanical stresses 
within the human body including shear stress, hydrostatic pressure, and cyclic strain 
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caused by the pulsatile blood flow [94]. Significant efforts have been made in the design 
of surface functionalized and bioconjugated NPs [111]. Recent studies have focused on 
targeting the endothelium with NPs as therapeutic agents for a variety of targeted 
therapeutics because of the large population of ECs in the tissue and blood flow [112]. 
Nanoparticles (NPs) can serve as containers for the targeting of therapeutics to specific 
location and increasing the resistance time in the body [90]. However, very few 
researches have been studied to examine the effect of cyclic strain on the cellular uptake 
of NPs[99]. Our study investigated the effects of cyclic strain on the cellular 
internalization of NPs. The main outcome of our study was that under cyclic strain 
conditions, more carboxylate polystyrene NPs were internalized by BAECs compared to 
static cell culture conditions and such enhancement is NP size and strain level dependent. 
The improvement of NPs internalization by ECs under physiologically relevant 
mechanical stress might be valuable for the advance of targeted therapeutics. 
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Conclusions and outlook 
 
In this work, both substrates with patterns and mechanical forces such as shear 
flow and cyclic strain [113] have been applied to investigate the corresponding cell 
behavior including cell spreading, alignment, adhesion, deformation and uptake of NPs. 
In order to further measure the strain on the cell surface, a molecular sensor can be built 
to probe the deformation of cells. This study helps us understand how cell sense and 
response to mechanical stress and also provide a potential to measure the strain level on 
cells.  
 
A micro-wavy pattern has been fabricated to regulate both the initial seeding and 
orientation of cells. Most of cells are found to locate in troughs of the wavy pattern, 
which is similar to that in the groove pattern. In addition, BAECs on the micro-wavy 
pattern indicate lower death rate than that on micro-grooved pattern. What’s more, 
BAECs adhered to the wavy surface, displaying both enhanced alignment and adhesion 
strength compared to that on the flat surface. Although BAECs are used in this study, the 
improved adhesion and orientation observed should be applicable to various other cell 
lines. This study advises that this micro-wavy pattern could be applied in cell culture to 
understand cell biology and in cell seeding as a tissue scaffold surface pattern to enhance 
cell adhesion. 
 
Mechanical strain has been applied to investigate the cellular uptake of NPs in my 
study. The cyclic strain is demonstrated to improve the cell internalization of 
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nanoparticles. The cell uptake of nanoparticles is size-dependent and shows an optimal 
size of about 100 nm. What’s more, the cellular uptake of nanoparticles is strain-
dependent and indicates more internalization at higher strain levels. The increased 
nanoparticle uptake phenomenon can stay for 13 h before disappear. In order to further 
understand the internalization mechanism, future study is acquired to inspect the 
intercellular processes and activities influenced by cyclic strain. The strain ratio applied 
in this work is similar to that in physiological systems, thus it can help us understand 
targeted drug delivery of NPs in vivo.  
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